We study the role played by the Landau-Khalatnikov-Fradkin transformations on the gauge (in)dependence of chiral fermion condensate, constituent fermion mass and confinement in QED3.
INTRODUCTION
Quantum electrodynamics in 2+1-dimensions (QED3) serves as an excellent toy model for QCD to study Schwinger-Dyson equations (SDE). Quenched QED3 exhibits confinement and supports dynamical chiral symmetry breaking (DCSB). These phenomena persist for the unquenched case 1 . The absence of ultraviolet divergences makes it a particularly simple platform to understand the problem of gauge invariance through SDE.
The problem of gauge invariance in QED3 can be attributed either to not employing or doing so incorrectly the gauge identities such as the Ward-Green-Takahashi identities (WGTI) and the Landau-Khalatnikov-Fradkin transformations (LKFT) [1] . In this contribution, we address this issue in the light of the LKFT. These transformations describe the specific manner in which Green functions transform under a variation of gauge. Employing these, we study the gauge dependence of chiral fermion condensate, constituent fermion mass and confinement in quenched QED3, based upon [2] .
FERMION PROPAGATOR
The SDE for the fermion propagator in QED3 is
where q = k − p and e 2 is the dimensionful coupling of QED3. In this expression ∆ µν (q) is the photon propagator and Γ ν (k, p; ξ ) the full fermion-boson vertex. 
where F is referred to as the fermion wavefunction renormalization and M is the mass function. The photon propagator in its general form can be written as
where G is the photon wavefunction renormalization, which is gauge invariant, and ξ is the usual covariant gauge parameter. Expression (1) is a matrix equation which can be converted into system of coupled non-linear scalar integral equations for M and F after multiplying it, respectively, by 1 and p and taking trace. A favorite starting point in the quenched version of QED3, which consists in neglecting fermion loops (G = 1), is to choose a suitable ansatz for the fermion-boson vertex, in such a way that the SDE for the fermion propagator can be solved for the unknowns M and F. Possibly the simplest choice for the vertex, which allows us to understand the general features of dynamical chiral symmetry breaking, consists in replacing the fermion-boson vertex by its bare counterpart. This is the socalled rainbow approximation.
In Fig. 1 , we show the mass M as a function of momentum for various values of the gauge parameter. The non-trivial profile of the mass function is a result of chiral symmetry being dynamically broken. Observe that the curves corresponding to M (p; ξ ) never cross each other for different values of ξ . The resulting physical observables such as the chiral condensate ψψ = −TrS(x = 0; ξ ), are gauge-dependent quantities, as can be seen in Fig 2. One can expect the source of such gauge dependence the fact that the bare vertex violates the WGTI. But the employment of the vertices which obey the WGTI still does not guarantee this. In the next section, we show that we need the LKFT to achieve this goal. 
LKFT AND GAUGE INVARIANCE
We start by writing the Euclidean space fermion propagator in both momentum and coordinate spaces in their most general forms :
Expressions in Eq. (4) are related through a d−dimensional Fourier transformation. Assuming we know the fermion propagator in Landau gauge in momentum space, S(p; 0), the LKFT relating the coordinate space fermion propagator in the Landau gauge to the one in an arbitrary covariant gauge reads
where
This transformation leaves SDEs and WGTI functionally invariant in different gauges, and thus imposes strong constraints on the gauge covariance of the dynamically generated fermion propagator. It is trivial to see that corresponding LKFT ensures the gauge invariance of the chiral condensate:
Thus, the LKFT in SDEs studies should play an important role to address the issue of gauge invariance. We exemplify this considering QED3. The key observation for the mass function thus generated is something that might have been anticipated but has not before been demonstrated; namely, a rearrangement in the mass function in different gauges in such a fashion as to render the chiral condensate gauge invariant. This can explicitly be seen in Fig. 4 , where the flat line corresponds to the gauge (in)dependence of the condensate calculated from the LKFT transformed solutions as compared with the SDE results.
Constraints on the behavior of the fermion propagator arising from LKFT have implications on other physical observables, like the constituent mass in Euclidean space defined by m = M (p = m). A comparison from the results obtained from the rainbow truncation of SDE and those coming from LKFT is depicted in Fig. 5 . Gauge dependence of the constituent mass arising from LKFT has been reduced considerably, as compared with the sharp gauge dependence of the SDE result.
It has been shown that the fermion propagator has complex mass like singularities implying confinement [3] . Through the evaluation of the Euclidean-time Schwinger function ∆(t : ξ ), one can determine whether or not the fermion propagator corresponds to a physically observable state or not. Confinement corresponds to two complex conjugate mass like singularities with complex masses µ = a±ib leading to an oscillating behavior such as
for large t. If we want to associate physical interpretation to these masses, their gauge independence needs to be established. Fig. 6 shows that LKFT acquire this qualitatively. FIGURE 6. Schwinger function through the SDE and LKFT.
In conclusion, LKFT transformations guarantee that the chiral fermion condensate is a gauge invariant quantity. Additionally, our study reveals that their incorporation also reduces the gauge dependence of the constituent fermion mass considerably. Moreover, confinement is also observed to be gauge invariant at least in the neighbourhood of the Landau gauge.
